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The wide variety of complex physical behavior exhibited in transition metal oxides, particularly
the perovskites ABO3, makes them a material family of interest in many research areas, but the
drastically different electronic structures possible in these oxides raises challenges in describing them
accurately within density functional theory (DFT) and related methods. Here we evaluate the ability
of the ACBN0 ”pseudo-hybrid” density functional, a recently developed first-principles approach to
applying the Hubbard U correction, to describe the structural and electronic properties of the first-
row transition metal perovskites with (B = V−Ni). ACBN0 performs competitively with hybrid
functional approaches such as the Heyd-Scuseria-Ernzerhof (HSE) functional even when they are
optimized empirically, at a fraction of the computational cost. ACBN0 also describes both the
structure and band gap of the oxides more accurately than a conventional Hubbard U correction
performed by using U values taken from the literature.
I. INTRODUCTION
Density functional theory (DFT) is one of the most
often-used computational approaches for modeling the
electronic structure of complex molecules and solids.
However, the approximate exchange-correlation (XC)
term in the total energy functional, informed by early
work on the homogeneous electron gas1–3, leads to sig-
nificant inaccuracies in DFT. Notable examples are the
underestimation of fundamental gaps in the electronic
structure, or the prediction of metallic ground states in
transition metal oxides in cases where the true ground
state is insulating. Transition metal oxides are materi-
als of interest in a wide variety of applications, includ-
ing renewable energy and catalysis. In certain cases
the trends captured by DFT are sufficient, but when
quantitative predictions (e.g. location of a catalyst on
a “volcano” plot) or band gaps are needed, “beyond-
DFT” methods are required. This is especially impor-
tant in perovskite oxides with formula unit ABO3 (where
A is usually a lanthanide or alkaline earth metal and
B is usually a transition metal), which include band
insulators4–6, Mott-Hubbard insulators7, charge trans-
fer insulators8, and correlated metals9. Perovskites and
other related structures have found interest in a wide va-
riety of applications, ranging from fundamental physics
phenomena (metal-to-insulator transitions7, topologi-
cal insulators10, magnetism11, superconductivity12,13,
ferroelectricity14) to catalysts15,16, battery materials17,
and oxide electronics18,19. Being materials where elec-
tron correlations play an important role in determining
the properties, they are challenging to describe univer-
sally using current theoretical approaches.
Approximate XC functionals such as the local density
approximation (LDA) or the various flavors of the gen-
eralized gradient approximation (GGA) do not cancel
out the self-interaction energy in the Coulomb (Hartree)
functional, leading to excessive delocalization20. This is
an important reason for qualitatively incorrect predic-
tions in systems where charge is strongly localized, such
as in many transition metal oxides. In addition, the
total DFT energy for a given system as a function of
electron occupation is smooth for approximate XC func-
tionals, whereas for the exact Kohn-Sham (KS) potential
the energy is piece-wise linear, with derivative disconti-
nuities at integer occupation numbers21. This is one of
the reasons for the significant underestimation of funda-
mental gaps by approximate XC functionals22–25. It is
therefore unsurprising that several beyond-DFT meth-
ods introduce derivative discontinuities in the total en-
ergy vs. electron occupation. Hybrid functionals, where
a fraction of the exact Hartree-Fock exchange acting
on the Kohn-Sham orbitals is used, intuitively reduce
delocalization via the cancellation of self-interaction in
the Hartree energy, but also introduce discontinuity into
the XC potential26. While the most commonly used
mixing fraction of 25 exact exchange (75 approximate
DFT exchange) was justified for atomization energies of
molecules27, in practice the mixing fraction is often used
as an empirical parameter in order to optimize the de-
scription of a desired material property, as has been done
with perovskite oxides28.
DFT+U , inspired by the Hubbard model, is another
approach to improving the description of correlated ma-
terials. In DFT+U(+J), a corrective term is added to
the total DFT energy functional that energetically favors
orbitals in the chosen Hubbard manifold (typically d or
f electrons but not exclusively) being either completely
empty or full29 via screened Hartree-Fock-like Coulomb
(U) and exchange (J) interactions that act only on this
set of localized orbitals, usually on a single site but po-
tentially on neighboring sites as well30, and removing a
“double-counting” term from the DFT energy functional.
Unfortunately, there is no unique choice for the set of lo-
calized orbitals onto which to project the KS orbitals,
nor for the double-counting term or the method of cal-
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2culating the values of U and J themselves. Atomic-like
orbitals (e.g. from the pseudopotentials) are often used
as a basis31–34, as are Wannier functions35–38. The value
of U , similarly to the fraction of exact exchange in hy-
brid functionals, is often used as an empirical parame-
ter that is varied to produce the desired results. First-
principles approaches to calculating U do exist, however.
The linear-response method defines U in such a way that
the curvature of the total energy as a function of electron
occupation is canceled out for non-integer occupations,
giving rise to a derivative discontinuity in the energy33.
A frequency-dependent, screened U can also be calcu-
lated via the constrained random phase approximation
(cRPA)39–42. The downside of these approaches is that
they can be computationally demanding in large cells
when there are many unique sites that warrant treatment
with DFT+U .
Recently, a new approach to calculate the value of the
Hubbard U and J terms has been reported43, inspired
by previous work computing U via unrestricted Hartree-
Fock orbitals44,45. The ACBN0 “pseudo-hybrid” density
functional defines U and J based on the bare Coulomb
and exchange interactions and a renormalized occupation
matrix, where KS orbital occupations are reduced based
on the Mulliken population of each KS orbital projected
on the Hubbard manifold. The main advantages are
flexibility with respect to unique Hubbard sites and ex-
tremely low computational cost, negligible compared to
the main DFT calculation, making ACBN0 particularly
well-suited for high-throughput applications46. Another
notable fact is that U is applied to both metal and oxy-
gen sites in oxides, where delocalized states should result
in a very small U value from the above renormalization
procedure. This method was originally tested on sev-
eral benchmark materials (TiO2, MnO, NiO and wurtzite
ZnO) and later on wide-gap semiconductors47 and several
other binary oxides48, showing improved agreement with
more computationally-expensive beyond-DFT methods
such as hybrid functionals and the GW approximation.
This work provides a further test of ACBN0 on
the theoretically-demanding transition metal perovskites
ABO3, where B=Ti–Ni. Moreover, since there are few
studies which look at DFT+U on all of these materials
(especially with first-principles calculations of U), we of-
fer comparison with fixed values of U chosen from values
in the literature that were calculated from first-principles.
We examine the prediction of magnetic ground state, lat-
tice geometry, and electronic structure for the 1st-row
transition metal perovskites, and compare with higher
theory and experimental data when possible, providing a
necessary test of ACBN0 as well as a guide for treating
these materials with computationally-inexpensive first-
principles methods.
II. COMPUTATIONAL METHODS
DFT calculations were performed using Quantum
ESPRESSO 6.149,50, using optimized norm-conserving
pseudopotentials from the SG15 library51 (La and Sr)
and standard-accuracy (stringent for Cr) Pseudo-Dojo52
(transition metals and O), generated from the Optimized
Norm-Conserving Vanderbilt Pseudopotential code53.
Plane wave cutoff, k-point mesh, and self-consistency
convergence threshold were converged with respect to
the total energy (< 15 meV/atom), total force (< 10−6
Ry/a.u./atom), and unit cell pressure (< 0.05 kbar),
versus a well-converged calculation with cutoff 250 Ry,
a dense k-point mesh (9 × 9 × 9 Monkhorst-Pack54)
and threshold of 10−9 Ry. Convergence test results
and k-point paths for band diagrams are shown in Fig-
ures S1 and S2, respectively. A plane wave cutoff of
100 Ry was used (except for Cr, which used 120 Ry)
with a Monkhorst-Pack grid of 4 × 4 × 3 and conver-
gence threshold of 10−6 Ry were used for all calculations.
Variable-cell relax calculations decreased the convergence
threshold to 10−9 Ry for the final relaxation steps.
DFT+U was performed using U values calculated with
ACBN0, using Python scripts to both automate the
self-consistent electronic structure calculations and de-
termine the electron repulsion integrals. Calculated U
values, as well as values of U from the literature for com-
parison, are shown in Tables SI-SVI and Table SVII, re-
spectively. The simplified rotationally-invariant imple-
mentation of Dudarev et al.32 and Cococcioni et al.33
was used. Initial spin states and starting atomic mag-
netizations were set according to the experimentally re-
ported electronic configurations for each transition metal
in the associated perovskite structure (such as high-spin
Fe3+, with t2g: ↑ ↑ ↑ and eg: ↑ ↑)28. ACBN0 is not
fundamentally limited to a certain set of localized or-
bitals, but in the original paper and in this work, the
atomic-like orbitals from the pseudopotentials are used
for simplicity and for the convenience of fitting a min-
imal three-Gaussian (3G) basis set for rapid evaluation
of the electron repulsion integrals. The ACBN0 U cor-
rection was calculated and applied to transition metal 3d
states and oxygen 2p states. Literature U values were
only applied to the metal 3d states as is common prac-
tice. Comparison of total energies between calculations
with different values of U is not possible without account-
ing for the dependence of the potential energy surface
on U . We therefore use both an average U from the
energetically-similar magnetic states, and the U values
from the experimentally-determined ground state.
III. RESULTS AND DISCUSSION
A. Structural Analysis
The structural parameters of perovskites LaMO3 (M
= V–Ni) have been reported according to the definitions
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FIG. 1. Perovskite structure parameters used in the determi-
nation of mean absolute relative error (MARE).
shown in Fig. 1, using similar definitions to those re-
ported by He and Franchini in their HSE hybrid func-
tional study of first-row transition metal perovskites28.
Optimized structures are analyzed only for the calcu-
lations using the experimentally-observed magnetic or-
dering (except for paramagnetic LaNiO3, where a non-
magnetic state is used). These consist of the lattice pa-
rameters, unit cell volume, various metal-oxygen bond
lengths and metal-oxygen-metal bond angles. Crystallo-
graphic representations have been chosen to be consistent
among all perovskites (i.e., the space group unique axes
are oriented in a such a way that allows a direct map-
ping of atomic site positions between different materials).
HSE results mentioned refer to this work unless otherwise
noted. While the aforementioned authors also include the
Jahn-Teller (JT) distortion modes Q2 and Q3 as param-
eters, their small magnitudes are not suitable for includ-
ing in the mean absolute relative error (MARE) and will
not be included in this analysis for simplicity. They can
be still calculated from the information provided herein.
One should ensure that the same experimental reference
structures are used when comparing between different
studies whenever possible. In the following discussion
this is the case unless otherwise noted.
LaVO3 has monoclinic symmetry in the P21/b space
group, with two unique V sites in the unit cell. The
structural parameters, presented in Table I, reflect this
by including bond lengths and angles for both V sites.
The MARE for ACBN0 is 0.69%, which compares favor-
ably to the PBE value of 0.88%, and especially to the
MARE of 2.6% obtained from DFT+U with U = 3.0 eV
(“Lit. U”). Hybrid functional calculations, using both
the commonly-used mixing fraction of 0.25 (HSE-25) and
an empirically-chosen value of mixing to improve the
overall structural and electronic properties (HSE-Opt),
show improved structural agreement with experiment at
0.48% and 0.35%, respectively. It is interesting to note
where the variation in MARE arises from in the different
methods. The largest error values typically arise from the
bond angles; however Lit.U also results in a significantly
overestimated cell volume, and also incorrectly predicts
some relative bond lengths and angles such as M2–O2,1
¿ M2–O2,2. He and Franchini’s PBE results, while the
MARE similar to that reported here (0.98 vs. 0.88 %),
differs significantly in some other parameters such as vol-
ume (0.2 vs. 1.08%); overall, the lattice constants in this
work show slightly higher error, and the bond angles and
lengths show slightly lower error vs. the HSE study. Al-
though various implementations of DFT now have simi-
lar accuracy55, these discrepancies can still be attributed
to differences in pseudopotential or the convergence pa-
rameters used (more relaxed requirements were used in
the HSE work, likely due to the increased computational
cost of hybrid functionals). The main picture for LaVO3
is that ACBN0 marginally improves in all areas vs. PBE
(which still describes structure adequately with MARE
< 1%), while hybrid functionals have shown lower over-
all errors by improving the accuracy of bond lengths and
angles, despite higher errors in the lattice constant and
volume.
LaCrO3 has an orthorhombic structure with GdFeO3
(GFO) tilting distortions to the octahedra and space
group Pnma (represented here in the Pbmn setting).
As shown in Table II, ACBN0 (MARE 1.09%) performs
slightly worse than PBE (MARE 0.94%), mostly due to
the poor description of bond lengths, despite slightly im-
proved accuracy with regard to the lattice parameters
and bond angles. Lit. U results with U = 4.1 eV again
result in a drastically poorer description of the structure.
The HSE results of He and Franchini are referenced to a
different (room temperature) experiment, but compared
to the 11 K reference used here, PBE, HSE-25 and HSE-
Opt (mixing 0.15) gave MARE values of 0.75%, 0.43%
and 0.59%, respectively. This arises mostly from an im-
provement in the bond lengths, with the lattice parame-
ters having similar relative error compared to the ACBN0
results. The difference between the previously reported
PBE results and the current work can likely again be
explained by computational differences such as choice of
pseudopotential or DFT input parameters.
LaMnO3 has the largest JT distortions among the 3d
perovskites studied here. The structural results are pre-
sented in Table III. This has important consequences for
the calculated electronic structure, which is why a very
high structural accuracy is required in this material for
predicting electronic properties and ground states (dis-
cussed in the next section). PBE and ACBN0 provide
almost identical error, with MARE values of 0.93% and
0.99%, respectively. This is in contrast to the work of
He and Franchini, who report a large MARE for PBE
(1.9%), caused by large inaccuracy in bond lengths that
describe the JT distortions, with the largest individual
4TABLE I. Structural parameters for AFM-C LaVO3. Exper-
imental data measured at 10 K is taken from Bordet et al.56
Relative absolute error is shown in italics (in %), with the
mean absolute relative error (MARE) listed at the bottom of
the table.
LaVO3
Expt. PBE Lit. U ACBN0
V (A˚3) 241.10 242.28 250.75 242.32
1.08 4.00 0.51
a (A˚) 5.5623 5.575 5.602 5.545
0.22 0.71 0.31
b (A˚) 5.5917 5.637 5.726 5.609
0.80 2.41 0.31
c (A˚) 7.7516 7.710 7.817 7.791
0.53 0.84 0.51
β (◦) 90.13 90.02 89.84 90.40
0.12 0.32 0.30
M1–O1 (A˚) 1.978 1.961 2.014 1.963
0.88 1.79 0.76
M1–O2,1 (A˚) 1.989 2.025 2.101 1.990
1.82 5.63 0.05
M1–O2,2 (A˚) 2.042 2.023 2.021 2.057
0.94 1.03 0.74
M2–O1 (A˚) 1.979 1.961 2.010 2.018
0.88 1.58 2.00
M2–O2,1 (A˚) 1.979 2.021 2.099 2.000
2.12 6.04 1.07
M2–O2,2 (A˚) 2.039 2.025 1.996 2.028
0.70 2.14 0.56
θ1 (
◦) 156.74 158.80 152.51 156.15
1.31 2.70 0.37
θ2,1 (
◦) 156.12 156.64 152.53 154.08
0.33 2.29 1.31
θ2,2 (
◦) 157.83 156.84 152.97 156.53
0.63 3.08 0.83
MARE (%) 0.88 2.47 0.69
bond error being over 5% (the largest PBE bond length
error in this work is 1.62%). The Lit. U calculations once
again show a significantly larger error at 2.53%, with over
3% error on two of the three bond lengths. Hashimoto
et al.58 reported that DFT+U with U = 2.0 eV can im-
prove the treatment of JT distortions in LaMnO3 under
full cell relaxation, but both ACBN0 and Lit. U fail
to improve over the PBE case here. A quick test with
U = 2.0 eV revealed a MARE of 2.06%, with errors on
the bond lengths still well above 1%. The reason for this
discrepancy in how DFT+U describes the JT distortions
in fully structurally-optimized LaMnO3 is unknown. One
thing to note is that in these studies28,58, plane wave
cutoffs between 30-40 Ry were used. In this work, a cut-
off of at least 100 Ry was found to be necessary to be
converged with respect to cell pressure (within 0.5 kbar,
see supporting information). For energy differences lower
cutoffs may be adequate, but quantitative comparison of
unit cell structure requires highly converged calculation
parameters to get accurate forces and stresses. However,
diagnosing an unconverged basis set as the cause of er-
TABLE II. Structural parameters for AFM-G LaCrO3. Ex-
perimental data measured at 11 K is taken from Gilbu Tilset
et al.57 Relative absolute error is shown shaded in gray (in
%), with the mean absolute relative error (MARE) listed at
the bottom of the table.
LaCrO3
Expt. PBE Lit. U ACBN0
V (A˚3) 233.60 237.54 244.14 237.26
1.69 4.51 1.57
a (A˚) 5.4718 5.521 5.588 5.522
0.90 2.12 0.92
b (A˚) 5.5093 5.519 5.557 5.519
0.18 0.86 0.18
c (A˚) 7.7491 7.796 7.863 7.785
0.61 1.47 0.47
M–O1 (A˚) 1.968 1.987 2.016 1.990
0.92 3.29 2.21
M–O2,1 (A˚) 1.974 1.989 2.019 1.990
0.73 3.27 1.52
M–O2,2 (A˚) 1.968 1.987 2.018 1.990
1.00 2.42 1.08
θ1 (
◦) 159.59 157.67 154.33 156.07
1.20 2.28 0.79
θ2 (
◦) 160.04 158.02 154.81 157.60
1.26 2.56 1.11
MARE (%) 0.94 2.53 1.09
ror vs. experiment is not possible at a glance–additional
test calculations with both U = 0.0 eV and U = 2.0 eV
performed at 35 Ry plane wave cutoff energy yielded a
MARE of 2.61% and 1.46% respectively for LaMnO3, an
improvement from the U correction that is entirely an
artifact of unconverged geometry from low plane wave
energy cutoffs. Another issue could be differing localized
basis sets for applying the U correction, and the spe-
cific implementation of DFT+U used; the nature of the
orbitals chosen and whether the J exchange terms are
included explicitly vs. in an average way can strongly
affect calculated values of U and the resulting material
properties. This will be discussed further in the next
section.
Orthorhombic Pbnm LaFeO3 has fully occupied eg and
t2g manifolds (high spin) that suppress JT distortion.
While PBE performs fairly well at describing the struc-
tural parameters (MARE of 1.20%, Table IV), ACBN)
systematically improves the accuracy of every unit cell
parameter (MARE 0.79%). The Lit. U structure again
shows significantly worsened structural accuracy with a
MARE of 2.90%. Hybrid functionals offer additional im-
provement vs. the ACBN0 results, with the empirically-
optimized HSE-Opt yielding a MARE of 0.32% and HSE-
25 yielding a MARE of 0.30% (note these MARE values
have been adjusted from the original publication to cor-
respond to the experimental data used here, which is very
similar).
Due to the smaller ionic radius of Co3+, LaCoO3 crys-
tallizes in a rhombohedral structure with space group
R3¯c, with slight GFO-type octahedral distortions. Struc-
5TABLE III. Structural parameters for AFM-A LaMnO3. Ex-
perimental data measured at 4.2 K is taken from Elemans et
al.59 Relative absolute error is shown shaded in gray (in %),
with the mean absolute relative error (MARE) listed at the
bottom of the table.
LaMnO3
Expt. PBE Lit. U ACBN0
V (A˚3) 243.57 248.11 264.51 247.44
1.86 8.59 1.59
a (A˚) 5.532 5.563 5.631 5.549
0.56 1.79 0.31
b (A˚) 5.742 5.806 5.994 5.819
1.12 4.39 1.34
c (A˚) 7.668 7.681 7.837 7.663
0.17 2.21 0.07
M–O1 (A˚) 1.957 1.972 2.048 1.970
0.76 4.61 0.64
M–O2,1 (A˚) 2.185 2.190 2.268 2.206
0.23 3.81 0.99
M–O2,2 (A˚) 1.904 1.934 1.995 1.924
1.62 4.82 1.08
θ1 (
◦) 156.69 153.63 146.21 153.04
1.95 6.68 2.33
θ2 (
◦) 154.34 154.20 149.31 153.45
0.09 3.26 0.57
MARE (%) 0.93 4.46 0.99
TABLE IV. Structural parameters for AFM-G LaFeO3. Ex-
perimental room-temperature data is taken from Etter et al.60
Relative absolute error is shown shaded in gray (in %), with
the mean absolute relative error (MARE) listed at the bottom
of the table.
LaFeO3
Expt. PBE Lit. U ACBN0
V (A˚3) 242.88 247.51 252.38 245.13
1.91 3.91 0.93
a (A˚) 5.5549 5.558 5.595 5.547
0.06 0.72 0.15
b (A˚) 5.5663 5.653 5.679 5.617
1.56 2.02 0.92
c (A˚) 7.8549 7.877 7.944 7.867
0.29 1.13 0.16
M–O1 (A˚) 2.010 2.022 2.046 2.019
0.60 1.77 0.41
M–O2,1 (A˚) 2.019 2.048 2.055 2.028
1.46 1.82 0.46
M–O2,2 (A˚) 1.990 2.021 2.044 2.018
1.56 2.71 1.43
θ1 (
◦) 155.26 153.70 152.17 154.00
1.01 1.99 0.81
θ2 (
◦) 157.57 153.89 153.00 154.61
2.33 2.90 1.88
MARE (%) 1.20 2.11 0.79
tural parameters and errors are listed in Table V. PBE
and the smaller Lit. U value of 4.2 eV (from cluster
configuration interaction calculations) perform similarly,
with MAREs of 1.20% and 1.28%, respectively. Increas-
TABLE V. Structural parameters for NM LaCoO3. Experi-
mental data measured at 4.2 K is taken from Thornton et al.61
Relative absolute error is shown shaded in gray (in %), with
the mean absolute relative error (MARE) listed at the bot-
tom of the table. θ1 and θ2 describe O–Cˆo–O and Co–Oˆ–Co
angles, respectively.
LaCoO3
Expt. PBE Lit. U ACBN0
4.2 eV 8.5 eV
V (A˚3) 110.17 112.43 112.73 113.31 110.19
2.04 2.32 12.83 0.02
a (A˚) 5.3416 5.360 5.367 5.380 5.342
0.35 0.47 3.67 0.01
α (◦) 60.99 61.43 61.40 61.30 60.99
0.73 0.68 0.95 0.00
M–O1 (A˚) 1.924 1.947 1.949 1.952 1.926
1.18 1.28 1.43 0.10
θ1 (
◦) 88.56 87.91 87.93 88.02 88.49
0.73 0.71 0.61 0.09
θ2 (
◦) 163.10 159.58 159.51 159.64 162.25
2.16 2.20 2.12 0.52
MARE (%) 1.20 1.28 3.60 0.12
TABLE VI. Structural parameters for NM LaNiO3. Experi-
mental data measured at 1.5 K is taken from Garc´ıa-Mun˜oz et
al.62 Relative absolute error is shown shaded in gray (in %),
with the mean absolute relative error (MARE) listed at the
bottom of the table. θ1 and θ2 describe O–Nˆi–O and Ni–Oˆ–Ni
angles, respectively.
LaNiO3
Expt. PBE Lit. U ACBN0
V (A˚3) 112.48 114.19 114.12 111.33
1.53 1.46 1.02
a (A˚) 5.3837 5.397 5.397 5.370
0.25 0.24 0.26
α (◦) 60.86 61.21 61.19 60.75
0.58 0.54 0.18
M–O1 (A˚) 1.933 1.950 1.949 1.925
0.88 0.83 0.41
θ1 (
◦) 88.78 88.28 88.32 88.91
0.55 0.51 0.15
θ2 (
◦) 164.82 161.97 162.20 165.47
1.73 1.59 0.39
MARE (%) 0.92 0.86 0.40
ing to a larger, linear-response U the error increases sig-
nificantly to 3.60%. ACBN0 provides the highest struc-
tural accuracy for non-magnetic LaCoO3, with a MARE
of 0.12%, which compares very favorably to the HSE-25
value of 0.42% and the HSE-Opt value of 0.44%. ACBN0
and hybrid functionals are the only methods reported
here that decrease the over-estimated unit cell volume
of PBE–applying a U correction only to the d electrons
results in an increased cell volume.
LaNiO3, similarly to LaCoO3, has R3¯c symmetry with
GFO-type octahedral tilting. Structural parameters and
errors are listed in Table VI. PBE provides a fairly
6accurate picture of the structure but also similarly to
LaCoO3, overestimates the unit cell volume. Lit. U pro-
vides very marginal improvement in the structure, with a
MARE value of 0.86%. LDA+U results from Gou et al.
optimized LaNiO3 with an estimated MARE of 0.3% and
an empirical U of 6 eV, thought it should be noted that
plain PBE resulted in the best agreement with experi-
mental Raman-active lattice modes and the large value
of U destabilized the lattice by introducing imaginary
phonon modes9. ACBN0 improves the picture without
significantly introducing larger errors to any of the struc-
ture parameters and yields a MARE of 0.40%. HSE-25
(HSE-Opt is zero mixing fraction, or plain PBE for this
material) yields additional improvement with a MARE
of 0.19%. While the geometry improves with increasing
mixing fraction (up to HSE-35 with MARE of 0.1%), the
treatment of the electronic properties worsens, as dis-
cussed in the next section.
Figure 2 illustrates the results of this section, show-
ing the MARE values for each material and the average
MARE for each method. The PBE results agree fairly
well with the previously reported PBE calculations of He
and Franchini28, and describe the structures of the 3d
LaBO3 perovskites fairly well with an average MARE
of around 1%. Applying the values of U from the lit-
erature usually results in a poorly described structure
(average MARE 2.3%), with the exceptions of LaCoO3
and LaNiO3, where accuracy near the level of PBE is ob-
tained. ACBN0 however, applying self-consistent values
of U to both metal 3d and oxygen 2p states, significantly
improves the predicted structures with an average MARE
of less than 0.7%. While the previously-reported HSE-25
and HSE-Opt result in improved structural parameters
vs. PBE (average MARE of 0.4% and 0.6% respectively),
we will see in the next section that this does not neces-
sarily translate to an improved overall picture including
electronic properties.
B. Electronic Structure
The Mott insulator LaVO3 is not correctly described
by plain PBE DFT, which in this work predicts it as a
AFM-A metal after geometry optimization. There is also
a type-G t2g orbital ordering
63,64, investigation of which
will be included in future work. Table VII presents elec-
tronic structure parameters for LaVO3, including band
gap and magnetic moment compared with experimental
values, as well as the relative DFT-calculated energies
of several possible magnetic orderings compared to the
experimentally-observed AFM-C order65. Even with the
correct AFM-C ordering, PBE predicts a metallic ground
state, as shown in Fig. 3a-b.
ACBN0 predicts the correct AFM-C ground state and
also provides a very good estimate of the experimentally-
observed band gap: a predicted 0.8 eV compared to the
observed 1.1 eV66, introducing a gap between the occu-
pied and unoccupied t2g states. It should be noted that
TABLE VII. Parameters obtained from the electronic struc-
ture of LaVO3, including band gap Eg, magnetic moment per
V cation µ and the energy difference ∆E between various
calculated magnetic ordering states for PBE, literature U of
3.0 eV, and ACBN0. Experimental values for band gap and
magnetic moment are also provided.
LaVO3
AFM-C Optimized Structure
Expt. PBE Lit. U ACBN0
Eg (eV) 1.1
66 0.5 0.8 0.8
µ (µB/V) 1.3
67 1.86 2.10 1.98
Relative Energy vs. AFM-C
Experimental Structure
PBE Lit. U ACBN0
∆E (meV) AFM-A 42 -167 110
AFM-G 313 -74 215
FM 59 94 324
NM 1547 5146 4264
Optimized Structure
PBE Lit. U ACBN0
∆E (meV) AFM-A -66 97 94
AFM-G 298 69 46
FM 21 20 44
NM 1326 5457 4096
the more conventional Lit. U result and the HSE re-
sults of He and Franchini also result in a correct ground
state, with the latter giving a slightly larger estimate of
the band gap for HSE-Opt (1.46 eV). HSE-25 predicted
a rather large value of 2.43 eV. Magnetic moments for
ACBN0 and Lit. U slightly overestimate the moment
compared to PBE, which is also larger than experiment.
This is a common error in hybrid functionals as well. An-
other important feature to notice is the charge transfer
(CT) gap, or the difference between the predominately
oxygen-derived lower valence band and the unoccupied
conduction band of mostly d parentage. Experimentally
the value is reported to be 4.0 eV66, but Lit. U predicts
a smaller gap of approximately 3 eV and a higher mixing
of O 2p and V 3d in the valence band vs ACBN0 and
the previously reported HSE results. ACBN0 predicts a
value near 4.2 eV, while HSE-Opt overestimates the ex-
perimental value, giving 4.9 eV. An additional empirical
adjustment, HSE-10, can reduce this to 4.4 eV and gives
a Mott-Hubbard (MH) gap of 0.89 eV. For the PBE and
ACBN0 cases, the band structure is shown explicitly in
Fig. 4.
Table VIII presents electronic structure parameters of
AFM-G LaCrO3, an antiferromagnetic insulator with an
optical band gap of 3.4 eV as reported by Arima et al66.
They note in this early work that the weaker MH tran-
sition is completely indiscernible due to the stronger CT
transition, meaning the two gaps are nearly equal in
width or correspond to the same gap, with significant
Cr 3d–O 2p hybridization in the valence band. From the
Lit. U calculations shown in Fig. 5f, this would seem to
be a reasonable picture. Large values of exact exchange
(¿ 0.25) also lead to increased Cr–O hybridization in the
7FIG. 2. Mean absolute relative error (MARE) of perovskite structural parameters for PBE and several corrective methods.
Asterisks denote data from He and Franchini28.
FIG. 3. Projected density of states for AFM-C LaVO3 (on
the O, V, and La states); a. experimental structure with
PBE; b. optimized structure with PBE; c. experimental
structure with ACBN0; d. optimized structure with ACBN0;
e. experimental structure with literature U value of 3.0 eV;
f. optimized structure with literature U value of 3.0 eV.
valence band, although from this interpretation of the op-
tical data HSE-15 still provided the best overall picture
of LaCrO3
28.
He and Franchini also mention a study by Ong et al.72
that interprets the electronic structure in a different way.
They applied an empirical U correction of 2.72 eV (very
similar to the ACBN0-calculated value of 2.77 for Cr, in
Table SII) to match the simulated valence band to experi-
mental XPS spectra. The implication is that the CT and
FIG. 4. Band structure of AFM-C LaVO3; a. PBE optimized
structure; b. ACBN0 optimized structure.
MH gaps remain distinct, and two separate transitions
are present: the larger CT gap is responsible for the pre-
vious experimental measurements, while the smaller MH
gap near 2.2 eV explains the green color of LaCrO3 and
the corresponding peaks in reflectivity measurements.
At the time there was no additional experimental evi-
dence clarifying the electronic structure of LaCrO3, but
in 2013 Sushko et al.68 reported experimental measure-
ments coupled with embedded cluster time-dependent
DFT that discerned the multiple optical transitions
present in this material. Spectroscopic ellipsometry re-
vealed onset of absorption features near 2.3 eV and 3.2
eV, occurring before the large 5 eV optical absorption
onset. They attributed the absorption features to fam-
ilies of t2g–eg, t2g–t2g, and Cr 3d–O 2p transitions and
conclude that the true CT gap is near ∼5 eV, while the
green absorption feature (onset at ∼2.4 eV) is due to
8TABLE VIII. Parameters obtained from the electronic struc-
ture of LaCrO3, including band gap Eg, magnetic moment
per Cr cation µ and the energy difference ∆E between var-
ious calculated magnetic ordering states for PBE, literature
U of 4.1 eV, and ACBN0. Experimental values for band gap
and magnetic moment are also provided. The band gap in
brackets corresponds to a more recent interpretation of opti-
cal data68.
LaCrO3
AFM-G Optimized Structure
Expt. PBE Lit. U ACBN0
Eg (eV) 3.4
66 (2.4)68 1.5 2.3 2.7
µ (µB/Cr) 2.45-2.8
69–71 2.86 3.17 3.04
Relative Energy vs. AFM-G
Experimental Structure
PBE Lit. U ACBN0
∆E (meV) AFM-A 324 157 147
AFM-C 146 76 71
FM 519 250 233
NM 4839 10979 10641
Optimized Structure
PBE Lit. U ACBN0
∆E (meV) AFM-A 247 60 97
AFM-C 128 30 45
FM 388 90 155
NM 4818 11179 10379
FIG. 5. Projected density of states for AFM-G LaCrO3 (on
the O, Cr, and La states); a. experimental structure with
PBE; b. optimized structure with PBE; c. experimental
structure with ACBN0; d. optimized structure with ACBN0;
e. experimental structure with literature U value of 4.1 eV;
f. optimized structure with literature U value of 4.1 eV.
FIG. 6. Band structure of AFM-G LaCrO3; a. PBE opti-
mized structure; b. ACBN0 optimized structure.
t2g–eg fundamental gap transitions and the previously-
reported 3.4 eV gap is due to inter-Cr t2g–t2g transitions.
This is more in line with trends in the charge transfer gap
from X-ray spectroscopy experiments73, where the gaps
are quite large since they are calculated from peak posi-
tions rather than band edges (∼7.2 eV for LaCrO3, and
larger than the MH band gap) and generally decrease
with increasing d occupation. It is worth mentioning
that for ACBN0, the spacing of the spin-down t2g peak
and O 2p valence band peak is quite close to 7 eV. While
ground state DFT strictly does not describe transition
energies, the ACBN0 results generally support this pic-
ture in terms of the gaps and types of projected density
of states (PDOS) features present, in contrast to those of
Lit. U , HSE-25 and HSE-Opt (HSE-10 provides a fairly
similar picture to ACBN0). This alternative picture sig-
nificantly affects the band gap error, shown in Fig. 21,
bringing it more in line with the rest of the perovskites.
As shown in Table VIII, all the methods used in this
study, as well as the HSE results from He and Fran-
chini, correctly predict the AFM-G magnetic ordering for
LaCrO3
70. Magnetic moments are overestimated slightly
by PBE, and further overestimated by ACBN0 and Lit.
U (although ACBN0 does to a lesser degree). Band struc-
tures for the PBE and ACBN0 optimized structures are
shown in Fig. 6.
LaMnO3 is an type-A antiferromagnetic MH insulator
with significant JT distortions and eg orbital ordering
74.
All the methods used in this work incorrectly predict
a ferromagnetic ground state when the geometry and
unit cell are optimized; in addition, only PBE predicts
the correct AFM-A ground state when the experimental
structure is used (summarized in Table IX). This illus-
9FIG. 7. Projected density of states for AFM-A LaMnO3 (on
the O, Mn, and La states); a. experimental structure with
PBE; b. optimized structure with PBE; c. experimental
structure with ACBN0; d. optimized structure with ACBN0;
e. experimental structure with literature U value of 6.4 eV;
f. optimized structure with literature U value of 6.4 eV.
trates the particular importance of the JT distortions
in the existence of a band gap in this material. While
there have been reports of DFT+U both improving and
worsening58 the structural and electronic properties of
LaMnO3, it is clear that in an orbitally-ordered mate-
rial and/or where the eg and t2g bands exhibit markedly
different localized or itinerant behavior, that the aver-
aging used in both calculating and applying U correc-
tions in most commonly used implementations is likely
inappropriate, and improvements from such treatments
are fortuitous. This is especially true for the widely-
used simplified rotationally-invariant implementation of
DFT+U32.
It has been shown that explicit inclusion of orbital-
dependent J corrections, as in the original rotationally-
invariant scheme by Liechtenstein et al.75, is necessary
for stabilizing the AFM-A ordering and reproducing eg
orbital ordering in LaMnO3
76. A simple test calculation
with explicit U and J using the ACBN0-calculated values
for both Mn and O (still calculated with the Dudarev im-
plementation: U = 3.62 eV, J = 1.18 eV for Mn 3d and
U = 12.185 eV, J = 6.10 eV for O 2p) yields an energy
difference of 0.0002 eV, compared to the value of 0.030
eV in Table IX. If we keep the ACBN0 correction on oxy-
gen and increase U and J on Mn to 6.0 eV and 2.0 eV,
FIG. 8. Band structure of AFM-A LaMnO3; a. PBE opti-
mized structure; b. ACBN0 optimized structure.
respectively, closer to the values of Mellan et al.76, the
AFM-A ordering is stabilized with the DFT+U correc-
tion, with only a subtle push of Mn d states deeper into
the O 2p deep valence band with the larger values of U
and J (shown in Fig. S3). Applying these same U values
within the simplified scheme does not stabilize the cor-
rect AFM-A ground state. Unfortunately, unit cell stress
and pressure are not easily implemented in the general-
ized DFT+U scheme, so only the calculations using the
experimental structure has been performed for this addi-
tional comparison. Therefore, the inability of ACBN0 to
improve geometry and electronic structure in this work
may potentially be determined by the implementation of
DFT+U rather than the ACBN0 approach itself, leaving
room for future improvement.
Although in the DFT+U implementation used in this
work ACBN0 does not predict the correct ground state, it
yields an accurate band gap of 1.0 eV, with the eg bands
being isolated from the other bands (see Fig. 8), as re-
ported in the HSE study of He and Franchini. HSE-25
grossly overestimates the band gap (2.47 eV) and HSE-
Opt gives a reasonable value of 1.63 eV. Lit. U high-
lights the previously mentioned failures of the simplified
DFT+U implementation for LaMnO3 by giving a band
gap of only 0.6 eV for U = 6.4 eV. More notably, the
spin-up t2g states are pushed down below the oxygen
valence band, in contrast to ACBN0 (see Fig. 7) and
the hybrid functional results (for all mixing fractions).
The magnetic moment is again slightly overestimated by
ACBN0 and Lit. U , while PBE gives a value at the up-
per end of the experimental range. The ferromagnetic
(FM) ordered PDOS and band structures are presented
in Fig. 9 and 10 for comparison. LaMnO3 is a widely-
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TABLE IX. Parameters obtained from the electronic struc-
ture of LaMnO3, including band gap Eg, magnetic moment
per Mn cation µ and the energy difference ∆E between var-
ious calculated magnetic ordering states for PBE, literature
U of 6.4 eV, and ACBN0. Experimental values for band gap
and magnetic moment are also provided.
LaMnO3
AFM-A Optimized Structure
Expt. PBE Lit. U ACBN0
Eg (eV) 1.1-2.0
66,77–80 0.4 0.6 1.0
µ (µB/Mn) 3.4-3.9
59,81,82 3.94 4.72 4.11
Relative Energy vs. AFM-A
Experimental Structure
PBE Lit. U ACBN0
∆E (meV) AFM-C 277 415 309
AFM-G 293 597 391
FM 54 -169 -30
NM 6400 14172 12285
Optimized Structure
PBE Lit. U ACBN0
∆E (meV) AFM-C 213 279 241
AFM-G 168 422 268
FM -175 -369 -199
NM 5079 18053 10614
studied material and further discussion can be found in
the literature37,76,83,84.
LaFeO3 is often considered an intermediate CT/MH
insulator66, owing to the considerable O 2p character in
the eg valence band. This material exhibits AFM-G mag-
netic ordering69 with a band gap of 2.3 eV85–87. All
methods used in this work correctly predict the AFM-
G ground state, which is much lower in energy than
the other magnetic orderings listed in Table X. The pro-
jected densities of states for PBE, ACBN0 and Lit. U in
both experimental and optimized structures are shown in
Fig. 11, with band structures for the optimized structures
of PBE and ACBN0 shown in Fig. 12.
PBE gives a qualitatively correct picture of the elec-
tronic structure but underestimates the band gap at 0.9
eV. ACBN0 and Lit. U both give band gaps much closer
to experiment at 2.6 and 2.5 eV, respectively. It is im-
portant to note the differences in the PDOS of ACBN0
and Lit. U. ACBN0 produces a picture similar to that of
PBE, except for the band gap; the valence band retains
significant Fe–O hybridization and remains separate from
the deeper O 2p valence band, also giving a similar pic-
ture to the HSE-Opt results of He and Franchini28 both
quantitatively and qualitatively. This also puts it in good
agreement with the photoemission data of Wadati et al.90
which was compared with the HSE results. In contrast,
despite the fairly accurate band gap, the Lit. U calcula-
tion in this work results in an electronic structure with
significantly reduced hybridization, similar to the higher
mixing fraction HSE calculations (HSE-35) by He and
Franchini. The Fe eg parentage of the valence band is re-
duced, the valence band merges with the larger oxygen-
derived valence band and occupied t2g states are pushed
FIG. 9. Projected density of states for FM LaMnO3 (on the
O, Mn, and La states); a. experimental structure with PBE;
b. optimized structure with PBE; c. experimental struc-
ture with ACBN0; d. optimized structure with ACBN0; e.
experimental structure with literature U value of 6.4 eV; f.
optimized structure with literature U value of 6.4 eV.
FIG. 10. Band structure of FM LaMnO3; a. PBE optimized
structure; b. ACBN0 optimized structure. Lighter colors
correspond to spin up, while darker colors correspond to spin
down.
11
TABLE X. Parameters obtained from the electronic structure
of LaFeO3, including band gap Eg, magnetic moment per
Fe cation µ and the energy difference ∆E between various
calculated magnetic ordering states for PBE, literature U of
4.8 eV, and ACBN0. Experimental values for band gap and
magnetic moment are also provided.
LaFeO3
AFM-G Optimized Structure
Expt. PBE Lit. U ACBN0
Eg (eV) 2.3
85 0.9 2.5 2.6
µ (µB/Fe) 3.9, 4.6
69,88,89 4.10 4.34 4.43
Relative Energy vs. AFM-G
Experimental Structure
PBE Lit. U ACBN0
∆E (meV) AFM-A 698 853 687
AFM-C 419 363 300
FM 838 1319 1064
NM 4418 10352 10010
Optimized Structure
PBE Lit. U ACBN0
∆E (meV) AFM-A 715 686 602
AFM-C 385 303 284
FM 921 1059 929
NM 3866 10121 9439
FIG. 11. Projected density of states for AFM-G LaFeO3 (on
the O, Fe, and La states); a. experimental structure with
PBE; b. optimized structure with PBE; c. experimental
structure with ACBN0; d. optimized structure with ACBN0;
e. experimental structure with literature U value of 4.8 eV;
f. optimized structure with literature U value of 4.8 eV.
FIG. 12. Band structure of AFM-G LaFeO3; a. PBE opti-
mized structure; b. ACBN0 optimized structure.
outside the band width of the oxygen valence band, lead-
ing to a much more localized, ionic picture that does
not agree with the aforementioned experimental spectro-
scopic data. While the same trend of increasing magnetic
moment with U correction (also with hybrid functionals)
continues with LaFeO3, the larger variation in the re-
ported experimental values in Table X makes it difficult
to make any claims about their accuracy.
A diamagnetic insulator (low-spin Co), LaCoO3 is not
well-described by plain DFT, which predicts a ferromag-
netic metallic ground state. There still is no conclusive
understanding of the higher temperature magnetic be-
havior of LaCoO3, and a discussion of that topic is be-
yond the scope of this work. It has been reported in the
literature that DFT+U is at least capable of stabilizing
the correct low-spin insulating state, with U values ei-
ther being varied empirically91 or calculated from first
principles92–96. The values of U themselves range in-
clude an empirical Ueff = 6.5−0.65 = 5.85 eV91, U = 4.2
eV from cluster-CI calculations fitted to experimental X-
ray spectra97, linear response U typically in the range of
7.8-8.5 eV92,93, Ueff = 7.0, 7.5 eV calculated from con-
strained LDA97,98, a screened U = 4.0 eV from GW
approximation97 (similar to U from cluster-CI by the
same authors), and a renormalized U = 4.0 eV from un-
restricted Hartree-Fock (uHF) orbitals96 (a method from
which ACBN0 takes inspiration). The ACBN0 U value
on Co of ∼3.4 eV is in best agreement with the screened
GW, cluster-CI and explicit Coulomb/exchange integrals
from uHF, but Lit. U values of both 4.2 and 8.5 eV are
used for comparison.
Both ACBN0 and Lit. U = 4.2 eV calculations yield
similar descriptions of the electronic structure, with the
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TABLE XI. Parameters obtained from the electronic struc-
ture of LaCoO3, including band gap Eg and the energy differ-
ence ∆E between various calculated magnetic ordering states
for PBE, literature U values of 4.2 and 8.5 eV, and ACBN0.
Experimental values for band gap are also provided. Gap of
“m” refers to a metallic system.
LaCoO3
NM Optimized Structure
Expt. PBE Lit. U ACBN0
4.2 eV 8.5 eV
Eg (eV) 0.3
66 m 0.8 1.2 0.8
Relative Energy vs. NM
Experimental Structure
PBE Lit. U ACBN0
4.2 eV 8.5 eV
∆E (meV) FM -102 -313 -1551 -331
Optimized Structure
PBE Lit. U ACBN0
4.2 eV 8.5 eV
∆E (meV) FM -128 -618 -2334 -476
FIG. 13. Projected density of states for NM LaCoO3 (on
the O, Co, and La states); a. experimental structure with
PBE; b. optimized structure with PBE; c. experimental
structure with ACBN0; d. optimized structure with ACBN0;
e. experimental structure with literature U value of 4.2 eV;
f. optimized structure with literature U value of 4.2 eV; g.
experimental structure with literature U value of 8.5 eV; h.
optimized structure with literature U value of 8.5 eV.
PDOS shown in Figs. 13 and 15 for the non-magnetic
(NM) and FM states, respectively. The overall picture
of the electronic structure is similar to that of PBE, ex-
cept that a gap is opened of approximately 0.8 eV. The
Lit. U = 8.5 eV data reduce the Co–O mixing in the
valence band and push occupied Co states further to the
bottom of the valence band and only slightly increase
the gap to 1.2 eV. All the resulting DFT+U gaps are
FIG. 14. Band structure of NM LaCoO3; a. PBE optimized
structure; b. ACBN0 optimized structure.
fairly large compared to experiment (0.3 eV), as shown
in Table XI. However, all the results fail to predict the
correct NM low-T ground state. This may be attributed
to the fact that all the previous DFT+U studies men-
tioned used LDA+U as opposed to the GGA+U used
here, and our results are consistent with those reported
by Ritzmann et al.96. The exact reason why GGA fails
in this respect is unclear. The HSE results of He and
Franchini28 of course use PBE as the base for mixing
exact exchange, with HSE-25 giving a very large gap of
2.4 eV; the value of mixing for HSE-Opt is very small at
0.05, but yields a band gap of 0.1 eV and also provides the
best description of the structure in that work. It should
be mentioned that despite the larger gap, ACBN0 pro-
vides a very similar picture of hybridization to that of
HSE-Opt, which also agrees with the CT-like nature of
the optical gap66 and makes sense given the similarity of
the former to the PBE result and the very low exchange
mixing fraction of the latter. As mentioned in the pre-
vious section, ACBN0 provides an excellent description
of the structure of LaCoO3. The larger, linear-response
U of 8.5 eV significantly reduces the d character of the
valence band and thus departs from the picture provided
by PBE, ACBN0 and HSE. The band structures of PBE
and ACBN0 Fig. 14 and 16 further illustrate the elec-
tronic structure as a simple shifting of the eg manifold
higher in energy from the t2g manifold, resulting in a
band gap in the NM case (the FM state remains metal-
lic).
The last material to be studied is LaNiO3, where the
strong covalent interaction between Ni and O screen re-
sults in itinerant electrons that screen correlation to a
degree and result in a paramagnetic (PM) metal, albeit
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FIG. 15. Projected density of states for FM LaCoO3 (on
the O, Co, and La states); a. experimental structure with
PBE; b. optimized structure with PBE; c. experimental
structure with ACBN0; d. optimized structure with ACBN0;
e. experimental structure with literature U value of 4.2 eV;
f. optimized structure with literature U value of 4.2 eV; g.
experimental structure with literature U value of 8.5 eV; h.
optimized structure with literature U value of 8.5 eV.
still one with important electron-electron interactions as
revealed by the T 2 dependence of resistivity and heat
capacity9,62,99. The electronic parameters of LaNiO3 are
summarized in Table XII, with PDOS for both NM and
FM states (for PBE, ACBN0 and Lit. U) shown in
Fig. 17 and 19, respectively; and band structures for NM
and FM states (for PBE and ACBN0) shown in Fig. 18
and 20, respectively.
PBE stabilizes a NM state with the experimental struc-
ture; in contrast to Gou et al. but in agreement with He
and Franchini9,28, although the absolute energy differ-
ence vs. the FM state is extremely small at 1 meV,
about two orders of magnitude smaller than that re-
ported by the latter study. ACBN0 and Lit. U both
stabilize FM ordering, similarly to previously-reported
LSDA+U9 and hybrid functional results9,28. The Lit.
FIG. 16. Band structure of FM LaCoO3; a. PBE optimized
structure; b. ACBN0 optimized structure. Lighter colors
correspond to spin up, while darker colors correspond to spin
down.
TABLE XII. Parameters obtained from the electronic struc-
ture of LaNiO3, including band gap Eg and the energy differ-
ence ∆E between various calculated magnetic ordering states
for PBE, literature U of 5.7 eV, and ACBN0. Gap of “m”
refers to a metallic system.
LaNiO3
NM Optimized Structure
Expt. PBE Lit. U ACBN0
Eg (eV) m
62 m m m
Relative Energy vs. NM
Experimental Structure
PBE Lit. U ACBN0
∆E (meV) FM 1 -839 -596
Optimized Structure
PBE Lit. U ACBN0
∆E (meV) FM -33 -1000 -604
U calculation, similar to the aforementioned LSDA+U
study, suppresses the contribution of Ni states near the
Fermi level and pushes them to the bottom of the va-
lence band, yielding a qualitatively incorrect picture of
the electronic structure. Aside from the fact that ACBN0
incorrectly stabilizes FM ordering in the bulk, the devi-
ations from the PBE result are less extreme. Hybrid
functionals of increasing mixing fraction have a similar
trend as when increasing U , but their description of va-
lence band spectra is significantly worse than LDA or
DFT+U . However, they also describe bound core states
more accurately9 where DFT+U does not (since the cor-
rection functional is only applied to the valence states).
Further study is needed to determine how ACBN0 per-
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FIG. 17. Projected density of states for NM LaNiO3 (on
the O, Ni, and La states); a. experimental structure with
PBE; b. optimized structure with PBE; c. experimental
structure with ACBN0; d. optimized structure with ACBN0;
e. experimental structure with literature U value of 5.7 eV;
f. optimized structure with literature U value of 5.7 eV.
FIG. 18. Band structure of NM LaNiO3; a. PBE optimized
structure; b. ACBN0 optimized structure.
forms in comparison with experimental spectra.
It should be mentioned that all the reported DFT,
DFT+U and hybrid functional calculations are funda-
mentally incapable of describing the electronic structure
of LaNiO3 accurately. The delocalized states lead to
screened correlation effects that are not captured accu-
rately with approximate XC functionals9. Corrections
such as hybrid functionals and DFT+U are intended
to correct self-interaction error arising from inexact ex-
change, and strictly speaking do not treat correlation.
Many-body methods such as dynamical mean field theory
FIG. 19. Projected density of states for FM LaNiO3 (on the
O, Ni, and La states); a. experimental structure with PBE;
b. optimized structure with PBE; c. experimental struc-
ture with ACBN0; d. optimized structure with ACBN0; e.
experimental structure with literature U value of 5.7 eV; f.
optimized structure with literature U value of 5.7 eV.
FIG. 20. Band structure of FM LaNiO3; a. PBE optimized
structure; b. ACBN0 optimized structure. Lighter colors
correspond to spin up, while darker colors correspond to spin
down.
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FIG. 21. The absolute band gap error for PBE and several corrective methods, and the MARE of the band gap predictions for
each method. Asterisks denote data from He and Franchini28. Hashed lines represent errors using an alternative interpretation
of the electronic structure (see main text).
(DMFT) are necessary to treat these correlation effects
in a meaningful way100,101.
The results of this section are summarized in Fig. 21.
The absolute error is significantly improved using
ACBN0 vs. PBE (the PBE error in LaCoO3 is due to pre-
dicting a metallic state). The more stringent % MARE
(since % errors for small gaps can be very high) demon-
strates that ACBN0 is still improved vs. PBE, Lit. U
and HSE-25. Only HSE-Opt performs better on average,
but as can be seen by the absolute errors, ACBN0 still
outperforms HSE in several cases.
IV. CONCLUSIONS
This work has demonstrated that ACBN0 improves the
description of the first row transition metal perovskites
compared with PBE and a na¨ıve or empirical choice of
U . ACBN0 also compares favorably with the hybrid func-
tional HSE, offering improved descriptions of band gaps
vs. HSE-25 and performing competitively to an empir-
ically optimized HSE-Opt for both structure and to a
lesser degree, band gap, from completely first-principles
values of U that directly depend on the charge density.
Simply choosing a value of U from the literature is
insufficient when trying to obtain an overall picture of
material properties. In addition, values of U can vary
across functionals, approaches to calculating U , and im-
plementation of the DFT+U method itself, leading to
results at odds with other published calculations in the
literature. We have also demonstrated the importance of
explicit U and J values in some orbitally ordered mate-
rials, which can also be easily performed with ACBN0.
Overall, there still remains potential room for improve-
ment in using and verifying ACBN0 that is mainly lim-
ited by currently-available implementation in software.
The use of unique values of U for specific subsets of or-
bitals such as eg and t2g may yet offer improved descrip-
tions of materials such as LaMnO3, in addition to the
necessity of using explicit U and J . ACBN0 should also
be applicable to the DFT+U+V approach30 that offers
improved descriptions of covalent materials. If these de-
velopments are fruitful, this method holds promise not
only in high-throughput applications but also in treating
a wide variety of complex materials with first-principles
site-specific U values at a reasonable computational cost.
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TABLE SI. ACBN0 calculations of U for V 3d and O 2p in
LaVO3. Average values for energetically-competitive phases
are bolded.
LaVO3 ACBN0 U Values (eV)
Magnetic
State
Experimental
Structure
Optimized
Structure
V1 V2 O V1 V2 O
NM 3.13 7.84 3.21 7.78
FM 1.66 7.70 1.64 7.63
AFM-A 1.53 1.60 7.70 1.65 1.64 7.64
AFM-C 1.54 1.56 7.72 1.51 1.52 7.65
AFM-G 1.41 1.41 7.72 1.45 1.45 7.65
AVG 1.54 1.56 7.71 1.56 1.56 7.64
TABLE SII. ACBN0 calculations of U for Cr 3d and O 2p in
LaCrO3. Average values for energetically-competitive phases
are bolded.
LaCrO3 ACBN0 U Values (eV)
Magnetic
State
Experimental
Structure
Optimized
Structure
Cr1 Cr2 O Cr1 Cr2 O
NM 4.51 7.35 3.35 7.18
FM 2.82 6.97 2.74 6.87
AFM-A 2.74 2.74 6.94 2.66 2.65 6.84
AFM-C 2.76 2.76 7.04 2.70 2.69 6.95
AFM-G 2.77 2.77 7.01 2.71 2.71 6.95
AVG 2.77 2.77 6.99 2.70 2.70 6.90
TABLE SIII. ACBN0 calculations of U for Mn 3d and O 2p in
LaMnO3. Average values for energetically-competitive phases
are bolded.
LaMnO3 ACBN0 U Values (eV)
Magnetic
State
Experimental
Structure
Optimized
Structure
Mn1 Mn2 O Mn1 Mn2 O
NM 3.33 6.71 4.72 6.84
FM 2.61 6.11 2.83 6.13
AFM-A 2.26 2.26 6.06 2.12 2.12 5.95
AFM-C 2.25 2.25 6.07 2.01 2.01 5.92
AFM-G 2.25 2.25 6.08 2.02 2.02 5.89
AVG 2.34 2.34 6.08 2.25 2.25 5.97
TABLE SIV. ACBN0 calculations of U for Fe 3d and O 2p in
LaFeO3. Average values for energetically-competitive phases
are bolded.
LaFeO3 ACBN0 U Values (eV)
Magnetic
State
Experimental
Structure
Optimized
Structure
Fe1 Fe2 O Fe1 Fe2 O
NM 3.80 6.14 3.96 6.17
FM 3.71 6.80 5.50 7.38
AFM-A 2.08 2.08 5.97 2.52 2.52 6.20
AFM-C 2.22 2.22 6.17 2.54 2.54 6.35
AFM-G 2.63 2.63 6.24 2.84 2.84 6.34
AVG 2.31 2.31 6.13 2.63 2.63 6.30
TABLE SV. ACBN0 calculations of U for Co 3d and O 2p in
LaCoO3. Average values for energetically-competitive phases
are bolded.
LaCoO3 ACBN0 U Values (eV)
Magnetic
State
Experimental
Structure
Optimized
Structure
Co O Co O
NM 3.39 5.30 3.38 5.28
FM 3.29 5.32 3.22 5.31
AVG 3.34 5.31 3.30 5.29
TABLE SVI. ACBN0 calculations of U for Ni 3d and O 2p in
LaNiO3. Average values for energetically-competitive phases
are bolded.
LaNiO3 ACBN0 U Values (eV)
Magnetic
State
Experimental
Structure
Optimized
Structure
Ni O Ni O
NM 3.78 4.81 3.79 4.81
FM 3.08 4.75 3.02 4.70
AVG 3.43 4.78 3.40 4.76
S2
TABLE SVII. Values of U taken from the literature (”Lit. U”). Cluster-CI refers to cluster configuration interaction calcula-
tions, and those U values are an effective term given by Ueff = U − J . Values used in this work are bolded, and come from
first-principles calculations. In LaCoO3 a large discrepancy between two first-principles values exists, so both values were used
in separate calculations.
Literature U
Ueff (eV) Method
V 3.0 Cluster-CIS97
3.0 Fit to Eg
S102
Cr 3.8 Fit to HSE calculationS103
4.1 Cluster-CIS97
4.5 Fit to Eg and µ
S91
Mn 8.0 Fit to Eg
S104
6.4 Cluster-CIS97
5.0 Fit to Eg and µ
S91
Fe 5.1 Fit to HSE calculationS103
4.0 Fit to Eg
S105
4.8 Cluster-CIS97
5.4 Fit to Eg and µ
S91
Co 4.2 Cluster-CIS97
8.46 Linear responseS92
5.85 Fit to Eg and µ
S91
Ni 5.64 Linear responseS9
5.7 Cluster-CIS97
6.35 Fit to Eg and µ
S91
S3
FIG. S1. Pseudopotential convergence tests; total energy per atom vs. (a) plane wave cutoff, (b) k-point mesh, (c) scf
convergence threshold; total force per atom vs. (d) plane wave cutoff, (e) k-point mesh, (f) scf convergence threshold; total
cell pressure vs. (g) plane wave cutoff, (h) k-point mesh, (i) scf convergence threshold. The quantity ”k mesh” n refers to the
dimensions of the k-point mesh, which is approximately n× n× 0.75n for orthorhombic cells and n× n× n for rhombohedral
cells. All quantities are referenced to a well-converged calculation with two of the three paramters fixed at 250 Ry plane wave
cutoff, 9× 9× 9 k-point grid, and convergence threshold of 10−9 Ry.
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FIG. S2. Paths through k-space for generating the band structures presented in the main text; (a) Pbnm; (b) P21/b; (c) R3¯c.
Images generated using XCrySDenS106.
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FIG. S3. Projected density of states for LaMnO3; (a) ACBN0 with Ueff = U − J from a simplified DFT+U scheme (see table
SIII); (b) the same values of U and J but applied explicitly in a generalized rotationally-invariant DFT+U implementation;
(c) the same calculation as panel (b) but with U and J on Mn increased to 6.0 and 2.0 eV, respectively.
